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ABSTRACT 
The effect  of selective  inhibition of mitochondrial protcin synthesis by chloramphenicol 
at 40 or 200 ]~g/ml on the formation of mitochondria in HeLa cells was investigated. HeLa 
cells, under the conditions used in the present work, grow at a decreasing rate for at least 
four cell generations in the presence of 40/zg/ml chloramphenicol, and for  two genera- 
tions in the presence of 200 ~g/ml chloramphenicol. The progressive cell growth inhibition 
which begins after 2 days of exposure of the cells to 40 ~g/ml chloramphenicol is  immedi- 
ately or gradually reversible, upon removal of the drug, for periods up to at least 8 days 
of treatment, though there is a progressive loss of cloning efficiency.  In cells which have 
been treated  for  6-7  days  with  40  or  200  /~g/ml  of  chloramphenicol, mitochondrial 
protein synthesis occurs  at  a normal or near-normal rate 1 h after removal of the  drug. 
Mitochondria increase normally  in number and show a normal size and amount of cristae 
in the presence of either concentration of drug.  However,  in 4-5 %  of the  mitochondrial 
profiles the cristae appear to be arranged in unusual, circular, looped  or  whorled con- 
figuration. 
INTRODUCTION 
In  HeLa  cells  exposed  to  a  concentration  of 
chloramphenicol  (40  /zg/ml)  sufficient  to  in- 
hibit  overall  mitochondrial  protein  synthesis, 
mitochondrial  RNA  and  DNA  synthesis  con- 
tinues  at  a  normal  or  near-normal rate  for  as 
many as  2.5  cell generations, and mitochondrial 
DNA  and  the  soluble  mitochondrial  enzyme, 
malate  dehydrogenase,  accumulate  normally 
(Storrie  and  Attardi,  1972). These  observations 
indicate either that HeLa  cell mitochondria are 
increasing normally in number in the absence of 
mitochondrial  protein  synthesis,  or  that  the 
amount  per  mitochondrion  of  DNA,  malate 
dehydrogenase,  and  presumably  other  cyto- 
plasmically  synthesized  mitochondrial  enzymes, 
and  possibly  RNA,  is  increasing  with  a  likely 
increase in size  of the organeUe.  The persistence 
of  mitochondria  in  "petite"  yeast  mutants,  in 
which  mitochondrial protein  synthesis  does  not 
occur  (Linnane  and  Haslam,  1970),  suggests 
that  the  first  alternative is  the  correct  one. 
In  the  present  work,  the  effect  of  selective 
inhibition of mitochondrial protein synthesis by 
chloramphenicol on  the  formation of  the  mito- 
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assembly  of  the  inner  mitochondrial  membrane, 
and  on  the  formation  of mitochondria  has  been 
investigated in HeLa  cells.  Besides the previously 
used concentration of 40 /~g/ml of chlorampheni- 
col,  a  much  higher  concentration  (200  ~g/ml) 
was  also  used  because  of the  possible  occurrence 
of  a  fraction  of  mitochondrial  protein  synthesis 
particularly  resistant  to  the  drug,  as  has  been 
reported  for  bacteria  (Lark  and  Lark,  1966; 
Levine  and  Sinsheimer,  1969).  Treatment  of 
the  cells  with  this  drug  at  40  or  200  ~g/ml  for 
periods  of up  to  7  days  has  been  found  to  have 
little  or  no  effect  on  the  rate  of  formation  of 
mitochondria  and  on  cell  capacity  for  mito- 
chondrial  protein  synthesis,  assayed  1  h  after 
removal of the drug.  The progressive inhibition of 
cell growth,  which occurs after more  than 2  days 
of exposure  to  40  #g/ml  chloramphenicol,  is  im- 
mediately  or  gradually  reversible,  upon  drug 
removal,  for  periods  of  at  least  8  days  of  treat- 
ment. 
MATERIALS  AND  METHODS 
Cells, Method  of Growth, Treatment  of Cells 
with  Chloramphenicol, and Assay of 
Cloning E~ciency 
HeLa  cells were  grown in suspension in modified 
Eagle's medium  (Levintow and Darnell,  1960)  with 
5%  calf serum,  as  described  (Amaldi  and  Attardi, 
1968), with a generation time of about 20 h. The cells 
used  were  free  of ally  detectable  contamination by 
,4/[ycoplasma.  Cells were counted with a  hemacytome- 
ter;  each  count  is  the  average  of  three  separate 
samplings  of  a  culture.  Cell  concentrations  never 
exceeded 6  X  105 cells/ml. 
Cells were treated with chloramphenicol at a  con- 
centration of either 40 or 200 #g/ml to inhibit mito- 
chondrial  protein  synthesis.  Either  concentration  is 
sufficient  to  inhibit  more  than  90%  of  the  amino 
acid-incorporatlng  activity  which  is  insensitive  to 
emetine  inhibition  of  cytoplasmic  protein  synthesis 
(Storrie and Attardi, 1972). HeLa cell cultures main- 
tained  for  long  periods  of  time  in  the  presence  of 
chloramphenicol  were  diluted  with  fresh  chloram- 
phenicol containing medium every 2-3 days. 
Cells to be tested for reversibility of chlorampheni- 
col inhibition of cell growth were pretreated for vary- 
ing times with 40/~g/ml chloramphenicol, centrifuged 
down, washed twice with chloramphenicol-fl-ee, modi- 
fied  Eagle's  medium  with  5%  calf sermn,  and  re- 
suspended in the same medium at 5-8 X  104cells/ml. 
To  assay  the  cloning efficiency of chloramphenicol- 
pretreated cells, duplicate samples of 1,000 cells from 
each washed, chloramphellicol-free culture and sinai- 
larly treated control cultures were plated on 60 X  15 
mm  Falcon  Plastics  Petri  dishes  with  2  mm  grid 
(Falcon Plastics, Oxnard, Calif.) and grown for 3 days 
in  modified  Eagle's  medium  with  5~e  calf  serum. 
Clones were scored after staining of the clones sequen- 
tially with  May-Gri_inwald  and  Giemsa  stains.  The 
cloning efficiency of control cells was about 33c/c. 
Assay  of  Mitoehondrial  Protein  Synthesis 
LABELING  CONDITIONS:  To  test  the  effect  of pro- 
longed cell growth in the presence of chloramphenicol 
on  the  functionality  of  the  mitochondrial  protein- 
synthesizing machinery, HeLa cells grown for varying 
periods of time ill the presence of 40 or 200 #g/nil of 
the  drug  were  centrifuged  down,  washed  twice  or, 
respectively, three times in modified Eagle's medium 
with 5~  dialyzed calf serum, and resuspended in the 
same warm medimn at a concentration of 8-10  X  105 
cells/ml; after 55 nlin at 37°C,  the cells were treated 
with 200 #g/ml emetine for 5  rain to inhibit (essen- 
tially completely) cytoplasmic protein synthesis, and 
then  exposed  to  L-[4,5-gHlleucine  (58  mCi/~mol, 
1.3  #Ci/ml)  for 30 min in the  presence of emetine. 
Under these conditions, more than 90% of the amino 
acid  incorporation  is  sensitive  to  chloramphenicol 
(Perlman  and  Penman,  1970;  Ojala  and  Attardi, 
1972;  Storrie  and  Attardi,  1972).  To  provide  an 
internal standard  to correct for differences in extent 
of cell homogenization, the cell cultures pulse labeled 
with  L-[4,5-3H]leucine were  mixed  with  a  constant 
amount  (~-~4.5  X  107) of  non-drug-treated  cells 
labeled for  1 day with [2-14C]uridine (62 #Ci/#mol, 
0.001  /.LCi/llfl).  (In  HeLa  cell  crude  mitochondrial 
preparations,  the  amount  of  ribosomal  R.NA  from 
contaminating  endoplasmic  reticulum-bound  ribo- 
somes  has  been  shown  to  be  proportional  to  the 
amount of mitochondria, as estimated from the cyto- 
chrome oxidase activity [Pica-Mattoccia and Attardi, 
1971].)  Normalization of the  [3H]leucille incorpora- 
tion  data  was  performed  by  dividing  them  by  the 
corresponding [2-14C]uridine labeling values. 
PREPARATION  OF  MITOCHONDRIA AND  ANALYSIS  OF 
RADIOACTIVITY :  A crude mitochondrial fraction con- 
taining the bulk of HeLa cell mitochondria and rough 
endoplasmic reticululn was prepared  by  differential 
centrifugation  (Attardi  et  al.,  1969).  In  order  to 
analyze  the  incorporation  of [aH]leucine into mito- 
chondrial  protein,  samples  of  the  washed  crude 
mitochondrial  fraction  were  resuspended  in  1.0  N 
NaOH  for  1 h  at 37°C to hydrolyze the 1R.NA; after 
neutralization with 1 N  HC1,  the samples were either 
precipitated directly with 5% trichloroacetic acid, or 
solubilized with 1% sodium dodecyl sulfate and then 
precipitated with  15% trichloroacetic acid.  The pre- 
cipitates  were  collected  on  Millipore  membranes 
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scintillation counter.  No consistent difference in  the 
amount  of  acid-precipitable  3H  counts  per  minute 
was found by using the two methods of acid precipi- 
tation; therefore, the data of [3H]leucine radioactivity 
precipitated  in  the  presence  or  absence  of  sodium 
dodeeyl sulfate,  after correction for variation  in  cell 
homogenization on the basis of long-term [2-14C]uri - 
dine radioactivity  (which is incorporated largely into 
cytoplasmic  ribosomal  R,  NA),  have  been  averaged 
here. 
Preparation  of Cells for  Electron  Microscopy 
and Quantitative Analysis of 
Electron  Micrographs 
Cells grown for varying periods in the presencc or 
absence  of 40  or  200  #g/nil  ehloramphcnicol were 
centrifuged down, washed twice in  modified Eagle's 
medium, and fixed in suspension for  1 h  at 2°C in a 
freshly prepared solution containing  2%  glutaralde- 
hyde  and  1%  formaldehyde  in  0.1  M  cacodylate 
buffer, pH 7.4, 0.125 mg/ml CaC12, and 0.25 mg/ml 
trinitrocresol. The fixed cells were packed into a tight 
pellet by centrifugation at 4,000 rpm in the Interna- 
tional  269  rotor  (International  Equipment  Co., 
Ncedham  Heights,  Mass.)  for  15  rnin  at  2°C  and 
the pellet was broken into  l-ram-thick blocks, which 
were  rinsed with  0. l  M  cacodylate  buffer,  pH  7.4, 
for  1 h  at 2°C,  and  then postfixed with  l~o osmium 
tetroxide  in  0.1 M  collidine  buffer,  pH  7.4,  for  1 h 
at room temperature.  The blocks were subsequently 
rinsed three times in 0.05 M  maleate buffer, pH 5.1, 
stained  for  1  h  at  room  temperature  in  2%  uranyl 
acetate  in  0.05  maleate  buffer,  pH 6.0,  rinsed three 
more  times  with  0.05 M  maleate  buffer,  pH  5.1, 
dehydrated  in  a  graded  series  of alcohol  solutions, 
and  washed  twice  for  15  rain  each  in  propylcne 
oxide.  The cell blocks were then embedded in Epon 
812  introduced  through  graded  concentrations  of 
propylenc  oxide.  Gold  sections  (,~100  nm  thick) 
were  cut  and  stained  for  3  rain  with  lead  citrate 
(Venable  and  Coggeshall,  1965).  Electron  micro- 
graphs were taken with a  Philips 200 electron micro- 
scope set at 60 kV. 
To estimate the number of mitochondria per unit 
of cross-sectional area of cytoplasm before and  after 
chloramphenicol  treatment,  micrographs  of  the 
HeLa  cell  cross  sections were  printed  to  give  a  )< 
15,000  overall  magnification  of the  cells.  The  con- 
tours  of the  cell  body,  the  nucleus,  and  individual 
mitochondria  (scored  as  organelle  profiles  having  a 
minimum of one crista)  in  the cross section of each 
cell were drawn on tracing paper. The cross-sectional 
area  of the  cytoplasm  and  that  of all  mitochondria 
in  each  cell section were then determined from the 
weight of the tracing paper. 
To determine the average ratio of cristae length to 
outer  membrane  length  and  the  average  ratio  of 
cristae  length  to  mitochondrial  cross-sectional area, 
micrographs  of  portions  of  individual  HeLa  cells 
containing  10-20  mitochondria were printed to give 
X  32,000  overall  magnification.  The  outer  mito- 
chondrial  membranes  and  cristae  were  traced,  and 
the  overall  lengths  of  the  outer  membranes  and, 
respectively,  of  the  cristae  in  the  sample  of  mito- 
chondria from each cell were measured with  a  map 
measurer  or  a  ruler,  and  the  overall  cross-sectional 
area  of  the  organelles  was  determined  from  the 
weight of the tracing paper. 
Histochemical  Localization  of  Cytochrome  c 
Oxidase Activity 
Cytochrome c oxidasc activity was localized along 
the  inner  mitochondrial  membrane  by  the  3,3 p- 
diaminobenzidine tetrahydroehloride  (DAB)  method 
of Seligman et  al.  (1968),  as  modified and  adapted 
to  cells cultivated  in  vitro  (Posakony  et  al.,  manu- 
script  in  preparation).  In  brief,  the  modified  pro- 
cedure involved fixation of the cells in 3% formalde- 
hyde  in  0.44 M  sucrose,  0.05 M  cacodylate  buffer, 
pH  7.4,  containing  1 mg/ml  CaC12,  washing of the 
cells  in  sucrose-cacodylate-EDTA  buffer,  and  in- 
cubation  in  0.5  mg/ml  DAB  solution  in  0.44 M 
sucrose,  0.05M  Tris  buffer,  pH  7.4  (25°C),  2 
X  10  .5 M  EDTA.  Parallel control  incubations with 
the cytochrome oxidase inhibitor, potassium cyanide, 
added to  a  concentration  of 0.001  M  15  rain  before 
the addition of DAB, were performed. After the cells 
were washed in  sucrose-Tris buffer,  they were  post- 
fixed in suspension with 1% osmium tetroxide, 0.1  M 
collidine  buffer,  pH  7.4  (25°C)  for  1  h  at  room 
temperature,  and  centrifuged down at 4,000  rpm at 
room  temperature  in  the  International  269  rotor 
for  15  min  to  give  a  firm  pellet.  The  pellets  were 
broken into  blocks,  dehydrated in a  graded series of 
ethanol  concentrations  starting  at  50%,  and  em- 
bedded  for  electron  microscopy  as  above.  Gold 
sections were cut and observed in the electron micro- 
scope before  and  after  treatment for  30  s  with  lead 
citrate. 
RESULTS 
Effects  of  Chloramphenicol  on  Cell  Growth 
and Their Reversibility 
Fig.  1  shows  representative  growth  curves  of 
HeLa  cell  cultures  maintained  in  modified 
Eagle's medium  with  5 %  calf serum  in  the pres- 
ence  of either 40  or  200  ttg/ml chloramphcnicol. 
Cells  grown  under  these  conditions  in  the  pres- 
ence  of  40  ttg/ml  chloramphenicol  multiply 
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FIGURE 1  Growth of HeLa ceils  in the presence of 40 or ~00 #g/ml chloramphenicol (CAP) and after 
removal of the drug.  Parallel cultures of HeLa cells were  grown in the absence or presence of either 
40 gg/ml (40 CAP) or 200 gg/ml (200 CAP) chloramphcnicol. After 2 or more days  of  exposure to  40 
#g/ml of the drug, a portion of the treated culture was washed and transferred to chloramphenicol-free 
medium (2R-8R). Both tlle original and the transferred cultures were diluted to  5-10  X  104  cells/ml 
with fresh medium every 2-3 days.  •  •, cumulative cell concentration per milliliter in absence of 
chloramphenicol; •  A, cumulative cell concenb'ation per milliliter in presence of 40 btg/ml chloram- 
phenieol (40 CAP) ; --"  II, cumulative cell concentration per milliliter in presence of  !00 #g/ml chlor- 
amphenicol (!00 CAP); Open symbols (IR,3R-SR), cumulative cell concentration per milliliter of a cul- 
ture washed and transferred after 2-8 days of exposure to ehloramphenicol at 40 ~g/ml. Insert: duplicate 
samples of each washed, chloramphenicol-free culture at the time of transfer, or of a  similarly treated 
control culture, were plated on plastic Petri dishes; •  *, relative cloning efficiency of washed, chlor- 
amphenicol-free cultures after different lengths of drug treatment, and of control cultures. 
with  a  normal  20  h  generation  time  for  2  days, 
and over the next 3 days increase in number with 
an  apparent  36  h  generation  time,  so  that  they 
go  through about four cell generations of growth 
in the first 5  days of exposure to the drug.  After 7 
days  of  treatment  with  chloramphenicol,  the 
growth  of  the  culture  apparently  stabilizes  at  a 
rate  corresponding  to  one  generation  in  270  h 
(~11  days),  i.e.,  70-/0 of the  control  growth  rate. 
Cells  maintained  in  the  presence  of  200  ~g/ml 
chloramphenicol grow  at  a  progressively decreas- 
ing rate  until,  after 4  days  or  about two  genera- 
tions  of  growth,  the  culture  enters  a  stationary 
phase. 
Fig.  1 also shows the growth of portions of the 
40  /~g/ml  chloramphenicol-treated  culture  after 
removal  of the  drug.  When  transferred  to  chlor- 
amphenicol-free medium, cells exposed to the drug 
for 2 days continued to grow at a normal rate. After 
exposure  to chloramphenicol for 3-5 days,  in this 
experiment,  on  the contrary,  the  cells resumed  a 
normal or near-normal growth rate only gradually, 
over  a  period  of  1  2  days.  Cells  transferred  to 
chloramphenicol-free medium after 6-8 days either 
showed no growth at all for 1 wk or more (6R, 7R), 
or resumed a  normal growth rate only after 6 days 
of gradual recovery  (8R).  The reason for the dif- 
ferences in recovery of the cultures transferred to 
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known. A culture transferred to chloramphenicol- 
free medium after 14 days showed no indication of 
recovery after 1 wk. 
It should be noted that  the  results of transfer 
of  chloramphenicol-treated  cells  to  drug-free 
medium have  been somewhat variable.  In some 
experiments, cultures have resumed a  normal or 
near-normal growth rate immediately upon trans- 
fer  to  drug-free medium after periods of growth 
in  the  presence  of  40  ~g/ml  chloramphenicol 
up to  5  days.  In no case  have cells  failed to  re- 
cover a normal growth rate within 1-2 days after 
transfer,  if this  was  made  after  5  or fewer  days 
in  chloramphenicol-containing medium.  On  the 
contrary,  once  the  cells  had  reached  a  nearly 
stationary growth phase  after 6  or more days of 
exposure  to  chloramphenicol,  several  days  in 
drug-free medium were found in all experiments 
to  be  required  for  recovery,  if this  occurred  at 
all.  A  possible source of the variability observed 
between experiments may be the different lots of 
calf serum used. 
In the experiment shown in Fig.  1, the cloning 
efficiency  on solid substrate of HeLa cells  trans- 
ferred to chloramphenicol-free medium decreased 
with  increasing length of exposure  to  40  #g/ml 
chloramphenicol (insert to  Fig.  1).  The  cloning 
efficiency  of  drug-treated  cells  relative  to  that 
of control cells  was  ~75%  after  2  days of drug 
treatment,  ~30%  after  5  days,  ~-~5% after  6-8 
days,  and less than  1% after  14 days. The clone 
size  was  normal  for  drug-treated  cells  trans- 
ferred  after  2-5  days  of drug  exposure.  After  6 
or  more  days  of  drug  exposure,  the  clone  size 
was  25-50% of control. 
Effect  of  Chloramphenicol  Pretreatment  on 
the Rate  of  Mitochondrial  Protein  Synthesis 
The  immediate  to  rapid  recovery  of  growth 
rate and the normal clone size of cells treated with 
40  /zg/ml  chloramphenicol  for  2-5  days,  after 
removal of  the  drug, suggested a  corresponding 
rapid  resumption of mitochondrial protein  syn- 
thesis  upon removal of chloramphenicol, To test 
this  possibility,  HeLa  cell  cultures  treated  for 
varying  times  with  40  or  200  #g/ml  chloram- 
phenicol were  transferred  to  drug-free  medium, 
and  after  1 h  exposed  to  a  30  rain  [3H]leucine 
pulse  in  the  presence  of  200  /zg/ml  emetine; 
the incorporation of label into the mitochondrial 
fraction  was  then  analyzed.  Emetine-insensitive 
[aH]leucine  labeling  of  the  mitochondrial  frac- 
tion can  be  considered  equivalent to  mitochon- 
drial protein synthesis, since more  than 90%  of 
it  is  sensitive  to  inhibitors  of  mitochondrial 
protein  synthesis,  such  as  chloramphenicol 
(Perlman  and  Penman,  1970;  Ojala  and  At- 
tardi,  1972;  Storrie  and Attardi,  1972).  In con- 
trol experiments, it was found that the effect  of a 
15  min treatment of HeLa  cells  with  40  ~g/ml 
chloramphenicol  on  the  rate  of  mitochondrial 
protein synthesis,  as measured in a  30  min [3HI 
leucine pulse in the presence of emetine, was com- 
pletely  reversible  within  30  min  of  growth  in 
chloramphenicol-free medium. 
Fig. 2 shows the relative incorporation per cell 
of  pH]leucine  into  acid-precipitable,  emetine- 
insensitive radioactivity associated with the mito- 
chondrial fraction and the relative cell volume in 
different chloramphenicol-pretreated and washed 
cultures. It should be noted that the data of rela- 
tive  [~H]leucine incorporation per  cell in Fig.  2 
have been normalized, as  described in Materials 
and Methods,  for variations in efficiency  of cell 
homogenization.  This  method  of  normalization 
may  result  in  an  underestimate  of  [3H]leucine 
incorporation if drug  treatment causes  a  reduc- 
tion  in  cell  size.  The  normal-sized control cells 
would in fact be expected to be easier to homoge- 
nize. It is clear from Fig. 2 that no drastic changes 
in  the  mitochondrial protein  synthetic  capacity 
per  cell have  occurred  as  a  result of prolonged 
chloramphenicol treatment  of the  cultures.  The 
observed,  relatively  moderate  changes  in  the 
relative pH]leucine incorporation per cell  appear 
to follow fairly closely the changes in relative cell 
volume. Thus, cells  grown in the  presence of 40 
k~g/ml chloramphenicol were found to be smaller 
than control cells, with the cell volume being 90 % 
of  control  after  1-2  days  of  exposure,  and  de- 
creasing progressively to  N60%  of control after 
7 days  (~4.5 cell generations) of exposure.  Cor- 
respondingly, the  relative mitochondrial protein- 
labeling rate,  upon removal of chloramphenicol, 
was  100%  after  3  days  (~2.7  cell  generations) 
of drug treatment and N60 % after 7 days of treat- 
ment. For the cells grown in the presence of 200 
Dg/ml chloramphenicol, the  relative cell volume 
was 78% after 3 days of exposure and 98% after 
6  days  (~2.2  cell generations), with the  appar- 
ent relative mitochondrial protein synthesis  being 
111  and  104%, respectively, upon drug removal. 
It should be noted that the rate of mitochon- 
drial  protein  synthesis  1  h  after  drug  removal 
closely  parallels the cell volume both in cultures 
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FIGURE ~  Effect of ehloramphenicol (CAP)  treatment  of HeLa cells  on cell volume and  on emetine- 
insensitive L-[4,5-3HJleucine  labeling of a mitochondrial fraction. HeLa cells were grown in tile absence 
or presence of 40 gg/ml (40 CAP) or 200/zg/ml (200 CAP) chloramphenicol for varying periods of time, 
washed, transferred to warm ehloramphenicol-free medium, and 1 h later pulse labeled with  [aH]leucine 
for 30 min in the presence of emetine. •  •,  relative cell volume per l0  s ceils for cells cultured in 
the absence or presence of 40 #g/ml ehloramphenieol (Vol  [40 CAP]);  O--O,  relative radioactivity 
incorporated  per  l0  s cells for cells  cultured  in the  absence  or presence  of 40  /.Lg/ml ehloramphenieol 
(epm [40 CAP]); A---A,  relative cell volume per 10 s cells for cells cultured in the absence or presence 
of ~00 t.Lg/ml chloramphenieol  (Vol  [200 CAP]);  ©  --©,  relative radioactivity incorporated per  10 s 
cells for cells cultured in the absence or presence of ~00 ~g/ml chloramphenicol (cpm  [~00 CAP]).The 
[SH]leueine incorporation data have been normalized for variations in efficiency  of cell homogenization 
as explained in Materials and  Methods.  The ahsolute  values of aH  radioactivity incorporated by the 
non-drug-treated samples were 7500-11000  epm/10 s cells. 
that  are  rapidly  growing  and 
nearly  stationary  cultures.  As 
stationary  or  nearly  stationary 
acquire only slowly the normal 
removal of chloramphenicol. 
in  stationary  or 
discussed  above, 
cell  cultures  re- 
growth  rate  after 
Effects  of Chloramphenicol  Treatment  on  the 
Number  and  Size  of  Mitochondria  and  on 
the  Amount  and  Arrangement  of  Cristae 
The  reversible  inhibition  by  chloramphenicol 
of cell  growth,  the  normal  or  near-normal  rate 
of mitochondrial  protein  synthesis  upon  removal 
of  chloramphenicol  after  prolonged  drug  treat- 
ment,  and  the  previously  reported  normal  rate 
of  mitochondrial  DNA  and  RNA  synthesis  and 
normal  accumulation  of mitochondrial  DNA and 
malate  dehydrogenase  activity  during  the  first 
2.5  cell generations  of growth  in  the  presence  of 
40  /zg/ml chloramphenicol  (Storrie  and  Attardi, 
1972)  point  to  a  high  degree  of  mitochondrial 
integrity  in  cells grown  for  a  number  of genera- 
tions  in  the  absence  of  mitochondrial  protein 
synthesis.  Fig. 3 shows the morphological appear- 
ance of mitochondria in HeLa cells grown in the 
absence  (Fig.  3  A)  or presence  (Fig.  3  B)  of 200 
#g/ml  chloramphenicol  for  4  days  (~1.4  cell 
generations).  The  mitochondria  in  the  two fields 
are virtually indistinguishable,  and  the organelles 
from  both  the  control  and  the  drug-treated  cells 
appear  to be equally rich in cristae mitochondri- 
ales. 
The  average  number  of mitochondrial  profiles 
per  cell cross  section  is  not  significantly  affected 
by prolonged cell growth in the presence of 40 or 
200  ~g/ml  chloramphenicol  (Table  I).  The  in- 
cidence  of  branched  mitochondrial  profiles 
observed  in  the  sections  from  control  cells  is 
small  ( < 1%)  and  is  not  significantly  different 
in  the  sections  from  chloramphenicol-treated 
cells.  Therefore,  it  is  very  likely  that  the  great 
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ence (B) of 200/zg/ml chloramphenicol. X  3~,000. majority  of  mitochondrial  profiles  scored  repre- 
sent individual mitochondria. 
Also,  the  average  size  of the  mitochondria,  as 
estimated  by  the  average  cross-sectional  area  of 
individual  mitochondrial  profiles  in  glutaralde- 
hyde-fixed  preparations,  appears  to  be  approxi- 
mately equal in control cells and in cells grown in 
40  /~g/ml  chloramphenicol  for  5  days  or  in  200 
#g/ml  chloramphenicol  for  4  days  (Table  II). 
The  average  amount  of  cristae  mitochondriales 
per mitochondrion  is  likewise  unaffected  by pro- 
longed  growth  of  the  cells  in  the  presence  of 40 
/tg/ml  of chloramphenicol  (Table  II).  It  should 
be noted that the cells grown in 200 #g/ml chlor- 
amphenicol  have  gone  through  only  1.4  genera- 
tions  of  growth,  while  the  ceils  exposed  to  40 
#g/ml  chloramphenicol  have  grown  for  3.8 
generations  in  the  presence  of  the  drug. 
In contrast to  the normal size of mitochondria 
and amount of cristae,  the arrangement of cristae 
within  the  mitochondrion  appears  to  be  some- 
times  altered  by  chloramphenicol  inhibition  of 
mltochondrial protein  synthesis.  Fig.  4  shows  an 
area of cell exposed  to 40 #g/ml chloramphenicol 
for  5  days,  in  which  two  of  the  mitochondria 
exhibit  an  unusual  arrangement  of  cristae.  The 
arrow  in  the  upper  half of the  field  points  to  a 
mitochondrial  profile  in  which  the  cristae  are 
rolled  in  a  whorled  or  myelin-like configuration. 
In  a  second  mitochondrion  in  the  lower  half of 
the  field,  the  cristae  are  arranged  as  concentric, 
stirrup-shaped  loops.  Also  found  in  40  #g/ml 
chloramphenicol-treated  cells  were  mitochon- 
drial profiles  in which the cristae in cross section 
appeared as single, free-floating circles (not shown). 
Similar  arrangements  of  cristae  were  seen  in 
the  mitochondria  of cells  grown  in  the  presence 
of  200  t~g/ml  chloramphenicol  for  4  days.  On 
the contrary, they were virtually absent in control 
cells.  In  almost  800  mitochondria  from  control 
cells scored, no mitochondrial profiles with looped 
or  whorled  cristae  and  only  three  mitochondrial 
profiles  with  cristae  apparently  in  the  form  of a 
TABLE  I 
Effect of Chloramphenicol  (CAP)  Treatment of HeLa Cells on the Mean Number of 
Mitochondrial Profiles per Cell Cross Section 
Treatment 
No. mitochondrial  Cytoplasmic  No. mitochondria 
profiles/50 #m~  area/cell  profiles/cell 
cytoplasmic  area  section  section 
/x  7~,fl 
Control  17.1  4-  1.3  52.1  4-  3.0  17.8  4-  1.4 
40 #g/ml  CAP  (5 days)  20.3  4-  1.3  48.9  4-  2.5  19.9  4-  1.3 
200 #g/ml  CAP  (4 days)  15.7  4-  1.3  59.0  4-  4.6  18.5  4-  1.5 
Number of cells scored : control, 41 ; 40 #g/ml CAP, 32 ; 200 #g/ml CAP, 40. 
TABLE  II 
Effect of Chloramphenicol  (CAP)  Treatment of HeLa Cells on the Cross-Sectional  Area of 
Mitochondrial Profiles  and on the  Total Length of Cristae per Unit of Mitoehondrial Area 
or of Length of Outer 3,iitochondrial Membrane 
Treatment 
Mean cross-sectional  Total cristae  Total cristae 
area of mitochon-  length:~ per 0.25 ~m~  length~c  per outer 
drial profiles*  mitochondr{al  area  membrane length 
Control  0.23  4-  0.014  3.63  4-  0.31  1.43  4-  0.13 
40 #g/ml  CAP  (5 days)  0.25  4-  0.018  3.80  4-  0.16  1.79  -4-  0.22 
200 #g/ml  (4 days)  0.23  4-  0.021  4.16  4-  0.32  1.69  4-  0.21 
* Area data are the mean values of the ratios of total mitochondrial area to mitochon- 
drial number per cell for 41  control cells, 32 cells treated with 40 #g/ml CAP, and 40 
cells treated with 200  #g/ml  CAP. 
$ Cristae measurements were  made on sets of 10-20  mitochondria from  five  to eight 
cells for each group; the averages refer to the data obtained for the  individual  cells. 
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chloramphenicol (40/zg/ml).  X  3~,000. 
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Frequency of Mitochondrial  Profiles with  Altered 
Arrangement of Cristae  in  Control and  Chloram- 
phenicol (CAP)-treated HeLa Cells 
Treatment 
Control 
40 #g/ml CAP 
(5 days) 
200 #g/ml CAP 
(4  days) 
Arrangement of cristae 
Single 
circular  Looped 
0.4%  (3)  <0.1% 
0.8%  2.1%  (13) 
(5) 
2.3%  (19)  1.1% 
(9) 
Whorled 
<o.1% 
1.1% 
(7) 
1.2% 
(lO) 
Number of mitochondrial profiles  scored : control, 
798; 40 #g/ml CAP, 615; 200 pg/ml CAP, 843. 
Single,  free-floating  circular  element  were  seen 
(Table III). 
Mitochondrial  profiles  with  an  altered  ar- 
rangement of cristae altogether constitute ~4-5 % 
of  the  total  mitochondrial populations  in  cells 
treated  with  either  40  or  200  #g/ml  chloram- 
phenicol  (Table  III).  This  number may  some- 
what  underestimate  the  incidence of  mitochon- 
dria  with  altered  cristae,  since  some  areas  of 
altered cristae may not be seen in a  given mito- 
chondrial cross  section.  As  a  matter  of fact,  in 
occasional  mitochondrial  profiles  the  cristae 
are arrayed in an orthodox manner in a  portion 
of  the  mitochondrion,  while  in  the  remainder 
the cristae are arranged in a whorled figure. 
Fig.  5  shows  mitochondria stained with DAB 
and  counterstained  lightly  with  lead  citrate  in 
cells grown in the absence (Fig. 5 A) or the pres- 
ence  (Fig.  5  B)  of  40  ~g/ml  chloramphenicol 
for  5  days.  The mitochondria from drug-treated 
cells  contain  DAB-positive  circular  or  whorled 
cristae,  showing that  these  arrangements of cris- 
tae are similar to other portions of the inner mito- 
chondrial membrane  in  their  staining for  cyto- 
chrome oxidase.  It should be noted that the DAB 
staining  of  the  cristae,  because  of  the  double 
membrane  which  constitutes  these  projections, 
is  more  intense than  that  of the  portions of the 
inner membrane which line the outer membrane. 
In  control  experiments,  the  DAB-staining reac- 
tion  for  cytochrome  oxidase  was  found  to  be 
completely sensitive to  the cytochrome c oxidase 
inhibitor, potassium cyanide. 
DISCUSSION 
In the present work,  the effect  on the  formation 
of mitochondria in HeLa cells of selective  inhibi- 
tion of mitochondrial protein synthesis by chlor- 
amphenicol at concentrations of 40 or 200 #g/ml 
has  been  investigated.  Either  concentration  of 
chloramphenicol  inhibits  overall  mitochondrial 
protein  synthesis  by  >90%,  and,  furthermore, 
prevents the synthesis of all electrophoretic com- 
ponents of the proteins synthesized in mitochon- 
dria (Lederman and Attardi, submitted for publi- 
cation). The higher concentration of chloramphen- 
icol was utilized here because of the evidence that 
protein synthesis required for the initiation of bac- 
terial DNA replication (Lark and Lark, 1966) and 
for  the  synthesis of progeny replieative forms  of 
~bX174 (Levine and Sinsheimer, 1969) is inhibited 
only by relatively high chloramphenicol concen- 
trations (> 100/ig/ml). The general conclusion of 
the present investigation is that mitochondria form 
normally in cells grown for periods up to 4  5 days 
in the presence of 40 or 200 #g/ml chloramphen- 
icol. 
Effects  of  Chloramphenicol  on  Cell  Growth 
and their Reversibility 
In this work,  HeLa  cells maintained in modi- 
fied  Eagle's  medium  with  5%  undialyzed  calf 
serum in the presence of 40/~g/ml chlorampheni- 
col  continued  to  grow  for  several  days,  going 
through approximately four cell generations in 5 
days,  with  the  growth  rate  decreasing  sharply 
thereafter.  Under  the  present  conditions,  the 
growth  capaci  W  of  HeLa  cells  exposed  to  40 
ttg/ml chloramphenicol appeared  to  be  appreci- 
ably greater than earlier reported for cells main- 
tained in medium with dialyzed calf serum (Stor- 
rie and Attardi, 1972). 
The  observation  made  here  that  HeLa  cells 
increase  4-fold  in  number and  total  mass  in  4 
days in the presence of 200 #g/ml chlorampheni- 
col is contrary to a previous report by Firkin and 
Linnane (1968)  that HeLa  cells  do  not grow  in 
the  presence  of the  above  concentration of  the 
drug  because  of a  direct  inhibition of oxidative 
phosphorylation. However, the  less than  normal 
initial growth rate of HeLa  cells  exposed  to  200 
/~g/ml chloramphenicol, in contrast to the normal 
initial growth  rate  in the  presence of 40  /~g/ml 
chloramphenicol, and the more rapid cessation of 
growth may indeed reflect a  direct inhibition of 
oxidative phosphorylation. 
Cell  growth  inhibition  by  chloramphenieol 
at 40 /~g/ml is readily reversible, upon drug re- 
moval, during the first  5 days of treatment, with 
the recovery of the normal growth rate occurring 
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when  the  cultures  in  the  presence  of chloram- 
phenicol  have  reached  a  stationary  or  near- 
stationary phase,  a  normal cell growth  rate  re- 
sumes only slowly,  4 or more days after removal 
of  the  drug.  The  increasing  time  required  for 
the  recovery  of  normal  growth  rate  after  drug 
removal presumably reflects,  at least in part, the 
progressive  reduction  in  cloning  efficiency  ob- 
served  during  prolonged  chloramphenicol treat- 
ment of HeLa cells. It is likely that this reduction 
is  not  a  result  of damage  to  the  mitochondrial 
protein-synthesizing apparatus,  as  mitochondrial 
protein  synthesis  resumes  at  a  normal  per  cell 
rate,  1 h  after drug removal, even after a  time of 
chloramphenicol treatment when the cloning effi- 
ciency is  < 5 %. 
Effects  of  Choramphenicol  Pretreatment  on 
J]litochondrial Protein Synthesis 
The  normal  rate  of  mitochondrial  protein 
synthesis  observed  after  prolonged  treatment  of 
cultures with chloramphenicol is  consistent with 
the  normal formation of  12  and  16S  mitochon- 
drial ribosomal RNAs  and  the  normal sedimen- 
tation profile  of mitochondrial RNA,  previously 
described  in  drug-treated  cultures  (Storrie  and 
Attardi,  1972).  Presumably, the stability of mito- 
chondrial RNA is normal in mitochondria where 
translation  and  transcription  are  uncoupled. 
The normal or near-normal rate of mitochondrial 
protein  synthesis  after  drug  removal  suggests 
that the proteins involved in the assembly of the 
mitochondrial  protein-synthesizing  machinery 
are  made  extramitochondrially,  regardless  of 
the origin of the messenger RNA. The same con- 
clusion has been reached for yeast  (Davey et al., 
1969)  on the  basis  of the  immediate recovery of 
the  mitochondrial  protein-synthesizing capacity 
after growth for  five  generations in the  presence 
of  high  concentrations  of  chloramphenicol. 
Direct evidence indicating that all or most mito- 
chondrial ribosomal proteins  are  synthesized  in 
the  cytoplasm  in  Neurospora  (Kiintzel,  1969; 
Lizardi and Luck,  1972) and HeLa ceils  (Brega 
and Baglioni, 1971) has also been reported. How- 
ever,  the  possibility has  not  been rigorously ex- 
cluded, in the present or in the previously reported 
experiments on yeast,  that  a  large pool  of sGme 
mitochondrially synthesized proteins required for 
mitochondrial protein synthesis has not been suffi- 
ciently diluted to become rate limiting. 
Effect  of  Choramphenicol  on  Mitochondrial 
Growth and Formation 
No  change  in  the  number  of  mitochondrial 
profiles  per cell cross  section, in the average size 
of the  mitoehondria, or  in the  amount of inner 
membrane  per  mitochondrion  was  found  in 
cells grown in the presence of 40 ttg/ml chloram- 
phenicol for  5  days  (approximately four genera- 
tions)  or  200  ttg/ml chloramphenicol for 4  days 
(~1.5  generations).  These  observations  imply 
that mitochondria grow and increase in number 
normally in  the  absence  of  mitochondrial pro- 
tein synthesis,  and  extend  our  previous findings 
(Storrie  and Attardi,  1972) indicating a  normal 
synthesis  of  mitochondrial  DNA,  RNA,  and 
malate  dehydrogenase  in  the  absence  of  mito- 
chondrial  protein  synthesis.  While  this  manu- 
script was in preparation, other authors (King et 
al.,  1972) reported  a  normal  number of  mito- 
chondria in HeLa cells after prolonged treatment 
with  20-40  /~g/ml  chloramphenicol.  In  yeast, 
the  inability of chloramphenicol to  block  mito- 
chondrial replication has  been previously shown 
(Kellerman et  al.,  1969;  Mahler  and  Perlman, 
1971).  A  normal formation of mitochondria has 
been  described  in  petite  mutants  of  yeast,  in 
which  no mitochondrial protein synthesis occurs 
(see review by Linnane and Haslam,  1970),  and 
even  in  mutants  containing incompetent mito- 
chondria  DNA  (Perlman and Mahler,  1970) or 
apparently  lacking  DNA  completely  (Nagley 
and Linnane, 1970). 
The normal amount of cristae mitochondriales 
per  mitochondrion  found  in  mitochondria  of 
cells  treated  with either 40  or  200  ttg/ml chlor- 
amphenicol contradicts the  report  by Lenk  and 
Penman  (197l)  of  fewer  cristae  per  mitochon- 
drion in HeLa cells grown in the presence of 50 
ttg/ml chloramphenicol for  3  days.  The  conflict 
probably arises  from the qualitative nature of the 
latter report.  In general, but not in all cases  (see, 
for  example,  Mahler  and  Perlman,  1972),  in 
yeast petites  the  amount of inner mitochondrial 
membrane per mitochondrion has  been reported 
to  be  greatly  decreased  (Linnane and  Haslam, 
1970).  In mammalian cells  with a  much smaller 
mitoehondrial genome size,  the  assembly of the 
inner  mitochondrial  membrane  may  be  less 
dependent  on  mitochondrially synthesized  pro- 
tins. 
In a  small fraction (<5%)  of mitochondria in 
cells exposed  to either 40 #g/ml for 5 days or 200 
830  ThE JOURNAL OF CELL BIOLOGY " VOLVMn 56,  1973 ~g/ml  chloramphenicol  for  4  days,  the  cristae 
were  found  to  be  arranged  in  a  circular,  loop- 
like  or  whorled  configuration.  Whorled  cristae 
have  been  reported  by  others  in  HeLa  cells 
(Lenk  and  Penman,  1971;  King et al.,  1972)  and 
L  cells  (Soslau  and  Nass,  1971;  King  et  al., 
1972)  treated  with  either  chloramphenicol  or 
ethidium  bromide,  and  in  mitochondria  of 
aging  blowfly  flight  muscles  (Sacktor  and  Shi- 
mada,  1972).  Whorled  cristae  may  represent  a 
rare  rearrangement  event  in  mitochondria  de- 
pleted  of  mitochondrially  synthesized  proteins. 
The present experiments give little information 
concerning  the  mode  of mitochondrial  biogenesis 
in  mammalian  cells.  In  Neurospora,  the  experi- 
ments  of Luck  (1963,  1965)  indicate  that  mito- 
chondria  arise  by  growth  and  division  of  pre- 
existing  mitochondria.  If,  as  is  likely,  mitochon- 
dria  in  mammalian  cells  similarly  arise  from 
replication  of  preexisting  mitochondria  (Storrie 
and  Attardi,  1973),  then  the  present  work  does 
suggest that  in these cells the protein components 
involved in the actual replication of the mitochon- 
drion,  separate  from  mitochondrial  functionality, 
derive  completely  from  extramitochondrial  syn- 
thesis. 
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